The scattering of neutrinos assuming a "secret" interaction at low energy is considered. To leading order in energy, the two-body potential is a δ-potential, and it is used to model all short-range elastic interactions between neutrinos. The scattering cross section depends only on the renormalized strength of the potential, while the Sommerfeld enhancement factor also depends on the short-range length scale of the interaction. If this potential is repulsive, it can lead to a decrease in the total cross section, resulting in an enhancement of the neutrino density. For attractive potentials, substantial Sommerfeld enhancement can appear.
I. INTRODUCTION
In the last twenty years the nature of dark matter, needed to address the missing mass problem, has been extensivery investigated [1] . Specifically, there is a large body of evidence from astronomical observations indicating that there is more matter than can be associated with the luminous part of galaxies. This problem remains unresolved, and opens a window to new physics now called astroparticle physics [2] . It is not yet fully understood what kind of particle dominates the dark matter and what are the mechanisms of production/annihilation for them. Neutrinos would be one possibility, but presently we know that only a small portion of neutrinos (1%) of the CNB (cosmic neutrino background) could be considered as dark matter. Specifically, in the CNB the number of neutrinos per cubic centimeter is about 56 per flavor, and this suggests that a small fraction of the dark matter could be attributable to neutrinos. Therefore, cosmic neutrinos would be responsible for only a small part of dark halos that would explain the flatness of galaxy rotation curves [5, 6] , i.e. the constant value of the velocity of rotation of a galaxy as a function of distance rather than decreasing as expected. Even though dark neutrinos are very few, they are nevertheless important, as their mass bounds are very robust and can be used as phenomenological data for estimating the total cosmological neutrino flux and cross sections [3, 4] .
In the present state of our knowledge the cosmic neutrino background (CNB) is a prediction of the standard cosmological model. There are, however, known data which, when consistently interpreted, might lead to new insights beyond the standard model. In this direction, there are several interesting questions; for example, if there are any enhancement mechanisms for dark halo neutrinos, and how they would affect physical observable processes.
In reference [7] (see also [8] ) an enhancement mechanism for weakly interacting particles was proposed, inspired by the Sommerfeld enhancement effect, and several examples illustrating how this mechanism works were presented. However, in spite of the intense interest in this field in the last few years, to our knowledge there is no discussion on the role played by very short-range potentials, nor relevant extensions of the results presented in [7] . This would be particularly relevant for low energy scattering of bosons or fermions with a short-range two-body potential. The dynamics of the CNB neutrinos at very low energy, in particular, could be considered by modeling the neutrinoneutrino interaction with a contact potential.
The goal of this paper is to provide a justification for the short range potential as stemming from possible "secret" neutrino interactions, to give a derivation of the scattering amplitude for such short range potentials, and to show how Sommerfeld enhancement can emerge by computing the corresponding enhancement factor.
This work is organized as follows. In section II we calculate the two-body potential for neutrinos from secret interaction in inverse powers of the neutrino mass and show that the leading term is a delta potential (contact interaction). In section III we solve the associated scattering problem and show that the neutrino density can be enhanced if the potential is repulsive, and that there is Sommerfeld enhancement if the potential is attractive. In section IV we present our conclusions.
II. EFFECTIVE TWO-BODY POTENTIAL FOR INTERACTIONS BETWEEN NEUTRINOS
Effective four-fermion interactions between neutrinos with nonstandard coupling (also called "secret" neutrio interactions) have been considered for quite some time [9] , as a way to include new classes of matter as the particles mediating this interaction [10] . Clearly the four-fermion interaction is only a first approximation, capturing the lowenergy physics of an otherwise more general interaction, valid for distances larger than some characteristic scale for the interaction. (A pure four-fermion interaction would not even be renormalizable.) Its form is taken to be
where a sum over the three neutrino species is understood, α = ±1 corresponds to an attractive/repulsive potential and M is a given mass scale. This contact neutrino interaction leads to the Born scattering amplitude for two distinct neutrinos (see Fig. 1 )
where w α 's denote the positive energy spinors in the non-relativistic limit and U αβ,γδ is the two-body potential which will be computed in detail below. To extract the low-energy dynamics, we work in the non-relativistic regime p m, with m the neutrino mass. For a free massive fermion, the Foldy-Wouthyusen transformation that diagonalizes the Hamiltonian in the non-relativistic limit is given by
where
and
We use the normalization
Therefore, to order 1/m 2 we have
and as a consequence
This leads to
The spinor u(p) can now be expanded up to order 1/m 2 as follows
Thus by restricting to the positive energy spinor space, we have to order 1/m
is the transferred momentum. Similarly for the other spinor we havē
Bilinears involving γ i can also be calculated and lead tō
where the indices 1, 2 correspond to the two particle species and the greek indices α, β, · · · denote spinor components. Using the identity
the scattering amplitude can now be written as
where the two-body potential has the form
This shows that even though the particles are fermions, at leading order the dominant contribution is a contact potential given by
where x is the relative coordinate x 1 − x 2 and the potential can be repulsive or attractive depending of the sign of α. Momentum-dependent higher-order corrections in this potential can also be calculated from (14) . We can use the above contact interaction as a model for all momentum-independent short-range interactions, as long as their range is shorter than the neutrino Compton wavelength. In that regime, the details of the interaction become irrelevant and are subsumed in the above delta-potential. In particular, it can be used to calculate Sommerfeld enhancement (or suppression) of neutrino annihilation rate, as long as the length scale of the annihilation process is smaller than, or at least comparable to, the scale of the delta-function interaction.
III. THE THREE-DIMENSIONAL-δ AND ITS SCATTERING PROPERTIES
Let us start by discussing the three-dimensional δ-potential and its scattering properties [11] . As we mentioned in the last section, this potential emerges quite naturally to leading order and can be taken as the generic potential to account for the phenomenology at low energies.
The motion in the delta potential (15) is described by the time independent Schrödinger equation
where k 2 = 2m ν E and m ν = m1m2 m1+m2 is the reduced mass of neutrinos. The integral scattering equation, in this case, is
where ϕ(x) = e ik·x represents the incident plane wave and the Green's function satisfies
Putting x = 0 in (17) we find
where G(0) has the integral form
The integral (20) is linearly divergent and can be evaluated regularizing with a momentum cutoff Λ as in [11, 12] , i.e.
A more physical approach would be to acknowledge that the potential has a finite width and thus replace the 3-dimensional delta-function with a regularized version δ Λ (x), where Λ −1 is the core size of the interaction. The two approaches turn out to be equivalent, with the momentum cutoff Λ identified with the inverse core size.
A. Scattering solution
Assuming no bound states exist, the scattering equation (17) becomes
where f (θ) denotes the scattering amplitude, in this case given by f (θ) = − 2αmν M 2 ψ(0). We can determine the scattering amplitude from (19) and (21) to be
where we defined
In the formula for f (θ), 1/M 2 is a "renormalized" coupling constant, in the sense that the effects of the interaction scale M and its core size Λ −1 are subsumed in the new constant M . (If Λ were a true high-energy cutoff, the "bare" coupling M would have to run with Λ in order to keep the renormalized coupling M finite and cutoff-independent.) Note, further, that for α < 0 and Λ large enough, the sign of (24) would be negative, which implies that also the sign of the potential has been renormalized to α = −α.
From the above we obtain the total cross section
where we have used the fact that α 2 = 1 (recall α = ±1). Note that the total cross section (at low energies) reaches a maximum when k = 0, i.e.
where the scattering length is defined as
This result is independent of α, namely whether the potential is atractive or repulsive. The Sommerfeld enhancement factor, on the other hand, is
Unlike for the total scattering cross section, there is no unique renormalized constant that can be defined for the enhancement factor. The enhancement will again reach a maximum for k = 0, and we obtain
As the "bare" M can be much larger that M , the above enhancement can be quite substantial.
B. Bound States
If the potential is attractive (α = 1) there can be bound states for E = −|B| [11] [12] [13] . In this case, the equation for the bound state wavefunction becomes (see (17) with no incoming wave)
Consistency of (30) leads to the condition
On the other hand, G(0) can be computed from (20) with k 2 → −κ 2 = −2m ν |B| so that (31) leads to
This result allows us to determine the bound state energy to be
Thus, we see that if there is a bound state present, the total cross section can be reexpressed as
while the maximum Sommerfeld enhancement is expressed as
Again, if the binding energy |B| is small, the Sommerfeld enhancement can be substantial.
IV. DISCUSSION AND CONCLUSIONS
In this paper we studied the neutrino scattering problem in the low energy regime by assuming that the interaction between neutrinos is a contact one. As in this limit we are considering only tree level processes, the only renormalization involved is related to the core size of the δ-function in three dimensions.
We would like to emphasize two important facts. First, for the scattering cross section, only the renormalized coupling constant M −2 appears and plays a role analogous to the Fermi constant. In principle, bounds for M −2 can be found as in [9] . The total cross section has a maximum, as can be seen from
where m ν represents the reduced neutrino mass. This behavior is independent of the potential being atractive or repulsive.
Using an appropriate rescaling of the total cross section (σ tot /σ max tot ) and the energy (k 2 /|B|), the energy dependence of the cross section is as in the plot below: This is qualitatively similar to the case of neutron-proton scattering; in other words, the main contribution to the total effective cross section comes from the regime of low energies, and since the neutrino masses are nearly degenerate and the potential is a contact one, the triplet and singlet states contribute with the same weight, i.e. the total cross section is σ total = 3 4 σ t + 1 4 σ s = σ. The second important point is that the Sommerfeld enhancement factor is cutoff dependent, that is, it depends on the short-range scale of the potential, and can be quite large. So, if dark matter scattering processes occur via the mechanism proposed in [7] , Sommerfeld enhancement could be significant. 
